Heat shock transcription factor-1 (HSF-1) is the primary stress responsive transcription factor that regulates expression of heat shock proteins (Hsps) in response to elevated temperature. We show that the transcriptional activity of HSF-1 can also directly mediate hyperthermia-induced Fas ligand (FasL) expression in activated T cells. We identify a conserved region within the human FasL promoter spanning from -276 to -236 upstream of the translational start site that contains two 15 bp non-identical adjacent HSF-1-binding sites or heat shock elements (HSEs) separated by 11 bp. Both the distal HSE (HSE1) (extending from À276 to -262) and the proximal HSE (HSE2) (spanning from À250 to -236) consist of two perfect and one imperfect nGAAn pentamers. We show the direct binding of HSF-1 to these elements and that mutation of these sites abrogates the ability of HSF-1 to bind and drive promoter activity. HSF-1 associates with these elements in a cooperative manner to mediate optimal promoter activity. We propose that the ability of HSF-1 to mediate stress-inducible expression of FasL extends its classical function as a regulator of Hsps to encompass a function for this transcription factor in the regulation of immune function and homeostasis. Cell Death and Differentiation (2010) 17, 1034-1046 doi:10.1038/cdd.2010 published online 12 February 2010 Mammalian heat shock transcription factor-1 (HSF-1) exists constitutively as a non-DNA-binding cytosolic monomer that when activated by heat stress, forms active homotrimers that translocate to the nucleus and associate with consensusbinding sites within the promoters of its target genes.
Mammalian heat shock transcription factor-1 (HSF-1) exists constitutively as a non-DNA-binding cytosolic monomer that when activated by heat stress, forms active homotrimers that translocate to the nucleus and associate with consensusbinding sites within the promoters of its target genes. [1] [2] [3] These heat shock elements (HSEs) are characterized by concatenation of a minimum of three inverted pentameric repeats, nGAAn, to form the 15-bp idealized HSE motif nGAAnnTTCnnGAAn. 4, 5 HSF-1 binding to these elements is cooperative at two levels -both within the subunits of the HSF-1 trimer and between multimers such that the binding of HSF-1 to one binding site facilitates its binding to an adjacent site. [5] [6] [7] Therefore, the overall composition of HSEs, including the number of binding sites, fidelity to consensus, nature of the flanking sequence, orientation and spacing of consensus pentamers governs the affinity of HSF-1 for these binding regions and the relative inducibility of the target gene.
Fever is a highly conserved physiological response that is mediated largely by the pyrogenic activities of TNF-a, IL-1b and IL-6. 8 The precise physiological function of the fever response is unclear, although it seems to enhance the capacity of the host defense system as evidenced by hyperthermiainduced enhancement of antigen processing, 9 dendritic cell maturation 10 and pathogen clearance. 11 The associated elevation in body temperature during infection has also been shown to impact on T cell proliferative capacity 12 and significantly alter the secretion of a number of cytokines including TNF-a, IL-1b and IL-6. 13 Interestingly, each of these cytokines is subject to transcriptional regulation by HSF-1 [14] [15] [16] raising the interesting possibility that the elevation in temperature associated with infection engages HSF-1 activity to help co-ordinate an appropriate immune response. Of note, the increase in temperature associated with fever (39-40 1C) is sufficient to activate endogenous HSF-1 in primary T cells, but not other tissue types. 17 The clonal expansion of an activated T cell population is halted by the engagement of apoptotic cell death to restore normal cell number and to maintain immune homeostasis. This phenomenon, known as activation-induced cell death (AICD), is dependent on the transcriptional upregulation of Fas ligand (FasL) and interaction with its receptor, Fas, to activate caspase-8. [18] [19] [20] The transcriptional regulation of FasL to alter cellular sensitivity to Fas-mediated apoptosis is also observed after stress imposed by DNA damage. 21 One study also implicated hyperthermic stress in the transcriptional regulation of FasL in activated T cells to mediate enhanced cytotoxicity of Fas-bearing target cells. 22 Elevated temperature can also impact on the Fas/FasL signaling pathway through its suppression of FLIP levels 23 and expression of a dominant active form of HSF-1 has been reported to elevate sensitivity to Fas-mediated killing, 24 but whether this reflects a simultaneous regulation of FasL levels is unclear. Furthermore, gld mice, lacking functional FasL exhibit a decreased sensitivity to heat shock-induced death. 25 Collectively, these studies implicate elevated temperature in the regulation of the Fas/FasL signaling pathway. It is, therefore, interesting to speculate whether this reflects a direct regulatory function for HSF-1. We sought to test this possibility by examining whether HSF-1 is able to modulate the expression of FasL in activated T cells. We were able to define FasL as a novel target for the transcriptional activity of HSF-1 and characterize two consensus-binding sites or HSEs housed within the proximal region of the FasL promoter. We show that these two adjacent sites are independently able to bind HSF-1 and that they function in a cooperative manner to ensure optimal FasL promoter activity. These data present FasL as a novel target of HSF-1 transactivation activity and extend the classical function of this stress inducible transcription factor to include a fundamental function in the maintenance and restoration of immune homeostasis.
Results
Earlier studies showed a function for Fas/FasL interactions in heat shock-induced death 25 and an induction of FasL in T cells following hyperthermic shock. 22 However, whether this reflects a direct transcriptional function for HSF-1 at the level of the FasL promoter remains unknown.
Heat shock potentiates the expression of FasL in activated T cells. To determine whether heat stress could induce FasL, Jurkat T cells were activated by PMA and ionomycin or plate bound anti-CD3 with or without soluble anti-CD28 before exposure to heat stress. PMA/ionomycin (Figure 1a) or T cell receptor (TCR)-induced expression of FasL (Figure 1b) was potentiated in cells exposed to heat stress compared with heat stress alone. Similar observations were made using activated primary human peripheral blood lymphocytes (PBLs) (Figure 1c) . Importantly, heat-induced FasL expression seemed specific as pre-activation with either PMA and ionomycin (Figure 1d ) or anti-CD3 (Figure 1e ) failed to synergize with heat to further induce expression of heat shock protein 70 (Hsp70). In addition, neither the expression of TNF nor TRAIL was further elevated by heat in activated Jurkat T cells, further confirming the specificity of the effects we observed ( Figure 2 ).
Heat shock induces the expression of functional FasL in activated T cells to induce cell death in Fas þ target cells. To assess whether the induction of FasL gene expression could be detected as elevated expression of functional FasL protein, we evaluated cell surface expression Figure 1 Heat shock potentiates FasL expression in activated T cells. Jurkat T cells or primary human PBLs were activated overnight by treatment with PMA (50 nM) and ionomycin (1 mg/ml) or plate bound anti-CD3 (1 mg/ml) plus or minus anti-CD28 (2 mg/ml) before exposure to heat shock (42-44 1C for 60 min). This was followed by a period of recovery for up to 8 h at 37 1C as indicated. RNA was prepared at the indicated times and used for reverse transcription and qPCR to determine the relative expression levels of FasL in Jurkat T cells (a, b) or human PBLs (c) and Hsp70 in Jurkat T cells (d, e). Data shown is normalized to 18S and is representative of five independent experiments (Jurkat T cells) or the average ( þ /ÀS.D.) of three independent primary PBL samples HSF-1 regulates FasL L Bouchier-Hayes et al of FasL in activated T cells exposed to heat shock as well as their ability to induce cell death of Fas þ target cells. Using antibody-specific staining, we observed a significant increase in both the percentage of Jurkat T cells expressing FasL and the amount of FasL staining/per cell (as determined by mean fluorescence intensity) after exposure to elevated temperature (44 1C) that was further increased by treatment with anti-CD3/CD28 (Figure 3a) . Heat-induced expression of FasL in activated Jurkat T cells was also reflected by their ability to induce significantly more cell death of Fas þ L1210 target cells (compare bars denoted by *) as compared with L1210 control cells (compare bars denoted by #) (Figure 3b ). Although activated Jurkat T cells were also able to induce some cell death in the target L1210 target population independently of elevated temperature (marked by dotted line), the percentage of cell death was unchanged in the L1210-Fas cell line, suggesting that it was mediated in an FasL-independent manner.
Collectively, the data shown in Figures 1-3 indicate that heat and TCR activation cooperate to optimally and specifically induce FasL expression. We hypothesized that this may be mediated through the direct engagement of HSF-1 activity and conducted a series of experiments to test this. (Figure 1a) . Collectively, these data indicated that the proximal 0.5 kb of the FasL promoter contained one or more HSF-1 responsive elements that are important for heat-induced FasL transcription. Figure 2 Heat shock does not potentiate TRAIL or TNF expression in activated T cells. Jurkat T cells were activated by overnight treatment with PMA (50 nM) and ionomycin (1 mg/ml) or plate bound anti-CD3 (1 mg/ml) plus or minus soluble anti-CD28 (2 mg/ml). Cells were then exposed to elevated temperature (42-44 1C for 60 min) and allowed to recover for up to 8 h at 37 1C as indicated. RNA was then prepared and real-time PCR used to determine the levels of TNF (a, b) or TRAIL (c, d) gene expression. Data shown is normalized to 18S and is representative of five independent experiments HSF-1 regulates FasL L Bouchier-Hayes et al Human FasL promoter contains HSEs that bind HSF-1. Visual analysis of the proximal 0.5 kb region of the FasL promoter revealed two likely HSEs (HSE1 (À276 to À262) and HSE2 (À250 to À236)). HSF-1-binding parameters can tolerate a degree of flexibility from the consensus sequence, nGAAn, providing some key elements are maintained -these include a minimum of three inversely orientated pentamers, each of which maintain the 'G' at position 2. HSE1 contains three pentameric-binding motifs of which sites 1 and 2 preserve consensus, whereas the third, although imperfect, retains the essential G at position 2. HSE2 also harbors two perfect pentamers, numbers 4 and 6, and an imperfect binding motif 5 0 -nGAGn-3 0 at position 5 ( Figure 5a ).
Using recombinant human HSF-1, which spontaneously forms trimers in solution at concentrations in excess of 40 ng/ml that are able to associate with DNA 3 and an oligonucleotide encompassing the two putative HSEs from the FasL promoter or, for comparison, a 35-bp stretch from the human Hsp70 promoter, 27 we evaluated whether HSF-1 could bind to the FasL promoter. HSF-1 binding (4150 ng (25 nM)) to the oligonucleotides from both the FasL (Figure 5b , lanes 6-15) and the Hsp70 promoters seemed similar (Figure 5c , lanes 6-15).
HSEs in the FasL promoter compete HSF-1 binding from the Hsp70 promoter. To determine whether endogenously activated HSF-1 can directly interact with the proposed HSEs, we performed a series of electromobility shift analyses (EMSAs), supershift analyses and competition studies using oligonucleotides from the Hsp70 promoter containing previously defined HSEs 27 and regions from the FasL promoter containing one or both the putative HSEs.
Nuclear extract isolated from untreated or heat-shocked Jurkat T cells was incubated with an oligonucleotide from the proximal region of the Hsp70 promoter ( Figure 6 Heat shock-induced binding activity to putative HSEs in the FasL promoter. To determine whether nuclear extracts isolated from heat-shocked cells contained an activity able to directly associate with specific regions within the FasL promoter, we conducted EMSAs using radiolabeled oligonucleotides containing both or each of the putative HSEs. A binding activity in nuclear extracts isolated from heat-shocked cells, but not unstimulated Jurkat cells, bound To determine whether there was any cooperative binding between the two HSEs in the FasL promoter, we performed EMSA analysis comparing HSF-1 binding to the wild-type (wt) oligonucleotide harboring both HSEs to oligonulceotides containing mutations at each of the three key residues within either HSE1 or HSE2. Surprisingly, we observed that mutation of each of the key residues within HSE2 of the 2 Â HSE probe did not seem to significantly affect HSF-1 binding (Figure 7b , compare lanes 1-5 with 11-15). However, when using an oligonucleotide containing mutations only within the HSE1, we observed an almost complete abolition of HSF-1-binding activity (Figure 7b , compare lanes 1-5 with 6-10). These data strongly suggest that while both HSE1 and HSE2 can independently interact with HSF-1, mutation of HSE1 in the context of the extended binding region severely compromises P] dATPlabeled oligonucleotide containing HSEs from the proximal region of the Hsp70 promoter incubated with nuclear extracts prepared from Jurkat T cells after heat shock (60 min at 42 1C). Extracts isolated from unstimulated cells served as a control. Heat shock-inducible activity is marked by an arrowhead and supershift analysis using anti-HSF-1 or HSF-2 antibodies show the specificity of binding (denoted by *). Cold competition was performed using unlabeled wild type (wt) or mutant (mt) oligonucleotides from the FasL promoter containing both HSEs: 2 Â HSE (wt) or 2 Â HSE (mt) (a); HSE1 (wt) or HSE1 (mt) (b) or HSE2 (wt) or HSE2 (mt) (c). Sequences of oligonucleotides used are included in Materials and Methods and data shown is representative of three repeat experiments HSF-1 regulates FasL L Bouchier-Hayes et al the ability of HSE2 to bind HSF-1. In contrast, mutation of key residues within HSE2 in the context of the full HSF-1-binding region did not reduce the ability of HSE1 to bind to HSF-1.
HSF-1 binds to HSE1 and HSE2 in a cooperative manner. We then tested the idea that cooperative interaction between the two elements generates the most stable binding, and accordingly, confers greater inducibility of gene expression. Using surface plasmon resonance (SPR), we were able to determine the binding constants of HSF-1 for the HSEs in the FasL promoter ( Figure 9 ). We identified two components to the binding reaction between HSF-1 and the HSEs in both the Hsp70 and FasL promoters. The kinetic analysis and dissociation rate constants were determined according to a two state reaction (conformational change) model. The data obtained for each of the ligands (Hsp70, 2 Â HSE, HSE1 and HSE2) are shown in the sensorgrams in Figure 9a 32 P]-dATP-labeled oligonucleotides containing both HSEs from the FasL promoter (2 Â HSE (wt)) or mutations within both HSEs ((2 Â HSE (mt)) (a), HSE1 (2 Â HSE (HSE1 mt)) or HSE2 (2 Â HSE (HSE2 mt)) in the context of the 2 Â HSE oligonucleotide (b). Nuclear extracts were isolated from Jurkat T cells after heat shock (60 min at 42 1C) and analyzed for heat shock-inducible binding activity (marked by an arrowhead) and supershift using anti-HSF-1 or anti-HSF-2 antibodies is denoted by the asterisk (*). Extracts from unstimulated cells served as a control. Sequences of oligonucleotides used are included in Materials and Methods and data shown is representative of three repeat experiments
HSF-1 induces the expression of the FasL promoter through distinct regions. To directly test whether the HSEs in the FasL promoter were relevant for driving gene expression, we cloned oligonucleotides containing three repeats of the region we suspected to harbor (i) both putative HSEs or (ii) each of HSE1 or HSE2 into constructs containing the minimal IL-2 promoter and a luciferase reporter. 26 The promoter construct containing both HSE1 and HSE2 was most sensitive to the over-expression of HSF-1 and showed the greatest fold induction (Figure 10a ) (approximately 250-fold compared with HSE1 alone (five-fold) and the FasL promoter (12-fold)) (Figure 10d ). HSE2 failed to drive promoter activity (Figure 10c) . Comparable results were observed using Jurkat cells (data not shown). We conclude that the FasL promoter contains consensus-binding elements for HSF-1 that are competent to drive FasL promoter expression, but that both HSE1 and HSE2 must be present to induce optimal activity. This is likely because of a functional co-operation between these two elements that is reflected in the differential-binding affinity of HSF-1 for the individual elements.
Discussion
The aberrant expression of FasL is implicated in autoimmune disease and the failure to induce the peripheral deletion of activated T cells to restore immune homeostasis after antigenic challenge. 28, 29 The physiological significance of the HSF-1-mediated regulation of FasL in the context of immune function is unclear and although HSF-1 null mice display several defects in immune regulation, 16, 30 no studies have addressed the potential function of HSF-1 under conditions in which FasL is required for immune function.
During the fever phase of infection, body temperature is raised as a consequence of increased levels of circulating pyrogenic cytokines and functions to help minimize the duration of infection and facilitate pathogen clearance.
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Elevated temperature can also regulate the secretion of several of the cytokines essential for survival from acute infection. 13 Interestingly, the transcriptional activity of HSF-1 has been linked to the regulation of TNFa, 14 IL-1b 15, 31 and IL-6 16 expression, all of which are essential components of immune defense. Furthermore, Fas activation can inhibit heat-induced activation of HSF-1, 32 suggesting a feedback Figure 8 HSE1 and HSE2 from the FasL promoter can independently bind to HSF-1. EMSA analysis using [a-32 P]-dATP-labeled oligonucleotides containing either (a) HSE1 or (b) HSE2 from the FasL promoter. Nuclear extracts were isolated from Jurkat T cells after heat shock (60 min at 42 1C) and analyzed for heat shock-inducible binding activity (marked by an arrowhead) and supershift using anti-HSF-1 or HSF-2 antibodies (denoted by *). Specificity of binding was confirmed using oligonucleotides containing mutations of each of the key residues within the individual pentameric repeats (HSE1 (mt) or HSE2 (mt). Extracts isolated from unstimulated cells served as a control. Sequences of oligonucleotides used are included in Materials and Methods and data shown is representative of three repeat experiments HSF-1 regulates FasL L Bouchier-Hayes et al loop between Fas/FasL signaling events and regulation of events associated with elevation of body temperature during fever. TNF-a, the transcription of which is suppressed by HSF-1, 14 is also able to inhibit heat-induced activation of HSF-1 through induction of phosphatases that presumably target HSF-1 to attenuate its activity. 33 Although we do not understand the significance of HSF-1-mediated regulation of FasL expression, several scenarios emerge in which this regulatory loop could impact immune function.
We showed that hyperthermia induced FasL expression that was more pronounced in both Jurkat T cells and primary human PBLs activated by PMA/ion or anti-CD3. This effect was restricted to FasL and was not observed with other members of the TNF superfamily, TRAIL and TNF. The enhanced expression of FasL gene expression in activated Jurkat T cells exposed to elevated temperature correlated with increased FasL protein expression that induced enhanced killing in Fas þ target cells. Similar observations by Cippitelli et al. 22 describe a hyperthermia response element in the FasL promoter extending from À195 immediately 5 0 of the translational start site. We defined an HSF-1-binding region in the FasL promoter extending from À276 to À236 upstream of the translational start site that confers heat-inducible gene expression. Although Cippitelli et al. 22 observed that heat stress cooperated with AP-1 and NF-kB to increase FasL reporter activity, we showed that HSF-1 drives the FasL promoter through a region devoid of either AP-1 or NF-kBbinding sites. Cippittelli et al. 22 noted the necessity for the distal NFAT site 26 in mediating the activity of HSF-1 on the FasL promoter (notably, however, this site lies outside of their proposed region of hyperthermia sensitivity). Significantly, inactivation of this NFAT site would simultaneously mutate one of the HSF-1-binding sites within the HSE1 that we describe here.
The region encompassing HSE1 was earlier identified as important for FasL expression in response to TCR signals and IL-2 stimulation. 26 Therefore, it is a likely component of a complex regulatory region containing overlapping-binding sites for several transcription factors. We have not sought to determine how HSF-1 influences the avidity or affinity of additional transcription factor-binding sites, but it is interesting to speculate that the response of the FasL promoter to different signals may engage different combinations of transcription factors to generate stress-specific gene expression. We have revealed a functional cooperation between HSF-1 induced through hyperthermia and TCR signalswhether this represents another transcription factor that is activated directly in response to TCR signals that functions in cooperation with HSF-1 or alternatively, whether signals that We show that HSF-1 can bind in a cooperative manner to a defined region within the FasL promoter that correlates with upregulation of endogenous FasL gene expression. The cooperation between HSE1 and HSE2 could reflect a direct protein-protein interaction, whereby HSF bound to one of the elements facilitates the binding of additional HSF trimers. Alternatively, binding of HSF to its low affinity site may depend on altered DNA topology generated by occupation of the other site. Cooperation between two adjacent HSF-1-binding sites is optimal when separated by 10.5 bp, which corresponds to one turn of the DNA helix. 34 The two HSEs in the FasL promoter are separated by 11 bp, which represents ideal spacing for optimal functional interaction based on a number of earlier studies examining the optimal periodicity for HSEs to sustain maximal transcription. 5, 6 FasL promoter constructs that contain either HSE1 or HSE2 show only a marginal inducibility in response to heat or to HSF-1 over-expression, whereas those containing both HSE1 and HSE2 show a much-enhanced response, indicative of cooperative binding and activation by HSF-1. This pattern is consistent with the transcriptional regulation of heat shock genes. 34 Our findings clearly show, for the first time, a direct association of HSF-1 with the FasL promoter and define two novel HSEs that function in a cooperative manner to optimally induce FasL promoter activity. This characterization is placed into a functional context by showing that hyperthermia elevates endogenous FasL expression in an HSF-1-dependent manner. These findings extend the function for the stress response beyond the regulation of Hsp gene expression to encompass the potential for HSF-1 as a regulator of immune function. Furthermore, the novelty of defining a hyperthermic response of the FasL promoter through a pathway involving HSF-1 bears particular significance in the context of the fever response. Elevated body temperature has been long recognized as an effector of optimal immune function, although the underlying mechanisms for this effect of hyperthermia remain somewhat elusive. The activation of HSF-1 at fever-like temperatures and its regulation of temperature-sensitive gene expression implicates HSF-1 as an important regulator of immune regulation and refines our understanding of how hyperthermia may modify immune function. The inclusion of FasL as an HSF-1 target extends the significance of HSF-1 in immune function and points to a potential function for the stress response in T cell function. FasL expression is a critical regulator of T cell survival in the context of peripheral deletion and is essential for the restoration and maintenance of immune homeostasis. Placement of HSF-1 in this pathway raises the notion that HSF-1 could have an essential function in the regulation of adaptive immunity. In addition, one of the HSF-1-binding elements we describe overlaps with an NF-AT site described earlier as crucial in the regulation of FasL after TCR activation. This raises the possibility that HSF-1 might modify NF-AT binding either positively in a manner analogous to the synergy observed with NF-AT and AP1 or negatively by direct competition to regulate FasL expression in response to TCR activation. In fact, signals emanating from TCR activation including ROS can activate both FasL expression and HSF-1 -this potentially extends the function of HSF-1 in hyperthermia-induced FasL expression to encompass involvement in TCR signaling events to impact FasL expression and T cell function.
Materials and Methods
Cytotoxicity assay. Jurkat T cells were activated by overnight incubation with plate bound anti-CD3 (clone OKT3) (1 mg/ml) (eBioscience, San Diego, CA, USA) plus soluble anti-CD28 (clone CD28.2) (2 mg/ml) (eBioscience) before heat shock and overnight recovery at 37 1C. Cells were then mixed with L1210 or L1210-Fas target cells at a 10 : 1 effector to target ratio. Target cells were distinguished by staining with PH67GL (Sigma-Aldrich, St Louis, MO, USA) according to manufacturer's instructions. After 24 h, cells were resuspended in PBS, propidium iodide (PI) (1 mg/ml) added and immediately assessed through flow cytometry.
FasL staining. Jurkat T cells (1.5 Â 10 6 ) were plated in triplicate into 48-well plates and stimulated overnight with media alone or plate bound anti-CD3 (1 mg/ml) and soluble anti-CD28 (2 mg/ml). The following day, cells were incubated at 37, 42 or 44 1C for 1 h. Immediately after heat-shock, fresh media containing 1.5 mM 1,10 phenanthroline was added. After 16 h cells were washed and resuspended in 150 ml FACS buffer containing 1.5 mg of anti-FasL-biotin (clone NOK-1) for 35 min at room temperature. Cells were then washed and resuspended in 150 ml FACS buffer containing a 1 : 1000 dilution of streptavidin-Alexa 488 for 15 min at room temperature. Cells were washed twice and analyzed on a FACS Calibur flow cytometer (Becton Dickinson Biosciences, San Jose, CA, USA).
Preparation of nuclear extracts. Nuclear extracts were prepared from Jurkat T cells routinely cultured in RPMI medium supplemented with 10% fetal calf serum and 5 mM glutamine. Cells were exposed to heat shock (42 1C for 60 min) before preparation of extracts from 1 Â 10 8 cells per sample. After washing with cold PBS, cells were resuspended in cell lysis buffer (Buffer A: 10 mM HEPES plus 10 mM NaOH (pH 7.9), 20 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA and 0.1 mM EGTA supplemented with 1 mM DTT, 1 mg/ml Aprotinin, 1 mg/ml Leupeptin and 5% NP-40). Nuclei were pelleted with a 2-min spin at 2200 r.p.m. and then resuspended in a pellet size volume of nuclear extract buffer (Buffer B: Buffer A minus NP-40 plus 0.42M NaCl and 20% glycerol). Nuclei were vortexed for several 5-s bursts and the extracts then centrifuged at 14 000 r.p.m. for 15 min at 4 1C. Aliquots were stored at À80 1C until ready for use.
Probe labeling. Oligonucleotides were annealed using 5 mg each of the sense and antisense oligonucleotides (100 ng/ml stock solution), 5 Â annealing buffer (200 mM Tris-HCl pH7.5, 100 mM MgCl 2 , 250 mM NaCl) and water in a total volume of 100 ml. After heating to 65 1C for 10 min, the reactions were allowed to cool to room temperature. Annealed oligonucleotides were then stored at À20 1C until ready for use. The labeling reaction was performed using 400 ng of annealed oligonucleotide, 1 ml T4 polynucleotide kinase (PK) (New England BioLabs, Ipswich, MA, USA), 10 Â T4 PK buffer, 4 ml of [g-32 P]-adenosine 5 0 -triphosphate (6000Ci/ mM) (Perkin Elmer, Boston, MA, USA) and water to a total volume of 40 ml. After incubation at 37 1C for 30 min, an additional 1 ml of T4 PK was added and incubation continued for a further 30 min. Unincorporated [g- For supershift and competition studies, samples were incubated at room temperature in a waterbath for 15 min, probe was then added followed by cold (unlabeled) oligonucleotide where required. Samples were then incubated for an additional 12 min at room temperature before addition of the relevant antibody for the detection of complex formation through supershift (anti-HSF-1 (PA3-107) (Affinity Bioreagents, Golden, CO, USA) or anti-HSF-2 (SPA-960) (StressGen Bioreagents)) and continued incubation for an additional 12 min. For the binding affinity studies using recombinant HSF-1 protein, samples were incubated at room temperature for 15 min before addition of the probe and an additional 15 min incubation. Samples were resolved on 4% acrylamide gels at 250 V for 2.5 h, at 4 1C in 0.5 Â Tris-Borate-EDTA. Gels were pre-run for 30 min before loading. Gels were then dried and subjected to autoradiography.
Transient transfection and luciferase measurement. A total of 2 Â 10 7 Jurkat T cells were washed twice with and resuspended in serum-free medium (500 ml) before transfer to a 4-mm gap electroporation cuvette (InVitrogen, Carlsbad, CA, USA). The appropriate amounts of each luciferase reporter (20 mg) plus an HSF-1 expression construct (0-20 mg) were added to the cells and mixed well. All samples were normalized to contain the same amount of DNA using empty vector (HsLuc, min-IL-2 or pcDNA3) and also included Renilla luciferase (1 mg) as an internal control. Cells were then electroporated at 250 V and 960 mF in a Bio-Rad Gene Pulse II. MCF-7 cells were plated at 2 Â 10 5 cells/well in DMEM medium supplemented with 10% fetal calf serum and 5 mM glutamine and transfected with the appropriate luciferase reporter (0.5 mg/well) plus an HSF-1 expression construct (0-2 mg) using FuGENE 6 transfection reagent (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions. All wells were normalized to contain the same amount of DNA using empty vector (HsLuc, min-IL-2 or pcDNA3) and also included Renilla luciferase (0.1 mg) as an internal control. The luciferase reporter constructs examined contained 1.2, 21 0.9 21 or 0.486 kb 26 regions of the hFasL promoter. The Hsp70 promoter construct was kindly provided by Dr. Richard Morimoto (Northwestern University, IL, USA) 3 and the pCDNA3-hHSF-1 expression construct was obtained from Dr. Richard Voellmy (University of Miami School of Medicine, Miami, FL, USA). 1, 24 Reporter constructs containing three repeats of either HSE1 (TGGGCGGAAACTTCCAGGGGTTTGC), HSE2 (CTGAGCTTCT TGAGGCTTCTCAGCT) or both (2 Â HSE) (TGGGCGGAAACTTCCAGGGGTTTG CTCTGAGCTTCTTGAGGCTTCTCAGCT) were cloned into the min-IL-2 reporter vector. 26 After transfection for 18-24 h, some experiments included an additional overnight incubation with PMA (50 nM) and ionomycin (1 mg/ml) or exposure to heat shock followed by recovery at 37 1C. Cells were then harvested, washed three times with PBS and resuspended in 100 ml of passive lysis buffer (Promega, San Luis Obispo, CA, USA). Cell debris was removed by centrifugation and Firefly and Renilla luminescence assessed according to the manufacturer's instructions (Promega) using a Monolight 2010 luminometer (Analytical Luminescence Laboratory, San Diego, CA, USA).
Real-time reverse transcription-PCR. Jurkat T cells were activated by overnight incubation with PMA (50 nM) plus ionomycin (1 mg/ml) or plate bound anti-CD3 (clone OKT3) (1 mg/ml) plus or minus anti-CD28 (clone CD28.2) (2 mg/ml). Total RNA was then isolated from 1-5 Â 10 6 Jurkat cells at various time points using Trizol À (InVitrogen) according to the manufacturer's instructions. A total of 0.5 mg RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase (InVitrogen) in a total volume of 40 ml that included random hexamers (2.5 mM) (InVitrogen), dNTPs (100 mM) (InVitrogen), DTT (10 mM) and RNAseOut (InVitrogen). Real-time PCR was performed using a 7900HT Fast Real-time PCR system (Applied Biosystems, Foster City, CA, USA) and the SyBr Green detection protocol as outlined by the manufacturer (Applied Biosystems). Briefly, 12 ng of total cDNA, 100 nM (each) primer and 12.5 ml SYBR master mix (2 x) were used in a total volume of 25 ml.
Primary PBLs were isolated from venous blood drawn from healthy volunteers, purified by FICOLL gradient and cultured in RPMI supplemented with 10% FCS, 2 mM Glutamax (InVitrogen), penicillin and streptomycin in plates coated with anti-CD3 or anti-CD3 and anti-CD28 overnight at 37 1C at 5% CO 2 . Cells were heat shocked at 44 1C for 60 min and allowed to recover at 37 1C for 8 h. Control cells were maintained at 37 1C before the 8-h recovery period. RNA was purified using RNeasy column (QIAGEN, Valencia, CA, USA), reverse transcribed with Superscript III reverse transcriptase (InVitrogen) and analyzed by real-time PCR (ABI Prism 7000, Applied Biosystems).
The forward (F) and reverse (R) primers for human FasL, TRAIL, TNF, Hsp70 and 18S were as follows: SPR: BIAcore. Binding between HSF-1 (StressGen Bioreagents) and double stranded pre-annealed biotinylated oligonucleotides from the Hsp70 or FasL promoters was detected by SPR using a BIAcore X biosensor (BIAcore, Piscataway, NJ, USA). Neutravidin (Pierce, Rockford, IL, USA) was dissolved in 10 mM Na-acetate (pH5) and 3000RU was immobilized on the surface of CM4 sensorchips (BIAcore), earlier activated by N-hydroxysuccinimide (0.05 mM) and Nhydroxysuccinimide-N-ethyl-N'-(diethylaminopropyl)carbodiimide (0.2 mM). Free neutravidin was removed with three successive injections of 10 mM HCl (1 min at 100 ml/min) followed by blocking with 1M ethylenediamine (pH8.5) to reduce nonspecific electrostatic interactions. Approximately 30RU (determined for each oligonucleotide using the R max equation (BIAcore)) of each annealed biotinylated oligonucleotide pair was immobilized to the neutravidin. Experimental conditions were optimized to avoid non-specific binding of the analyte (HSF-1) to the chip surface. The surface of the chip was blocked with multiple injections of biotin (7 min at 5 ml/min) and the selected running buffer (10 mM HEPES (pH 7.4), 150 mM NaCl, 3.4 mM EDTA, 0.005% Tween 20, 5 mg/ml carboxylated dextran) was applied at a flow rate of 20 ml/min. The sensor chip was regenerated, when necessary, by injections of 2.5 M NaCl. Binding kinetics were derived from sensorgrams after subtraction of baselin responses using BIA evaluation software. Dissociation rate constants were determined with the two state reaction (conformational change) model. In this model A þ B forms the complex AB, which then forms the more stable complex AB*, the rate constants k a1 and k d1 represent the formation and dissociation of the complex AB and k a2 and k d2 represent the transition from AB to AB*. The apparent affinity constant (K D ) is given by (k a1 /k d1 )* (1 þ k a2 /k d2 ). The validity of using this model was confirmed by running a linked reactions test in which the analyte was injected at a high concentration that reached equilibrium (500 nM) over the ligand surface with a short (1 min) and a long contact time (5 min). For each ligand, the dissociation phase for the longer injection was slower than that for the short injection indicating that the binding events are linked (data not shown).
